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The charged Higgs pair production via photon-photon collisions is investigated in the framework
of two Higgs doublet model (2HDM), taking into account a full set of one-loop-level scattering
amplitudes, i.e., including electroweak (EW) corrections together with soft and hard QED radiation.
The numerical evaluation is carried out for three different scenarios, so-called non-alignment, low-mH
and short-cascade, defined in the presence of the up-to-date experimental constraints and consistent
with theoretical constraints as well. The total cross sections of γγ → H−H+ are scanned over the
plane (mφ0 ,
√
s), where φ0 is h0 for low-mH0 scenario and H
0 for other two scenarios. The regions
of the parameter space in which the production rates are sufficiently large are highlighted for each
scenario. The production rates in different polarization collision modes of initial beams are also
discussed. It can be enhanced up to two-times by oppositely polarized photons at high energies and
right-handed polarized photons at low energies. Furthermore, decay channels of the charged Higgs
boson are examined for each scenario. It is observed that the one-loop EW corrections, i.e., the
virtual plus real radiation corrections, reduce the tree-level cross sections and the relative correction
is typically in the range of −10% to −30%, depending on model parameters.
PACS numbers: 14.80.Cp, 12.15.Lk, 12.60.Fr, 12.38.Bx
I. INTRODUCTION
The Standard Model (SM) is the most successful model
of particle physics so far, because its theoretical pre-
dictions are magnificently compatible with experiments.
The electroweak symmetry breaking in the SM is success-
fully accomplished through the Higgs mechanism, which
yields their masses to the fundamental particles and sug-
gests the existence of a Higgs boson. A huge step was
taken for high energy physics with a 125 GeV of Higgs
boson observed by both CMS and ATLAS experiments
at the LHC [1–3]. Although the properties of the Higgs
boson discovered are suitable with the SM predictions,
it is possible that it constitutes but one state of a richer
Higgs sector. In association with that, the models with
extended Higgs sector are among the best motivated be-
yond SM models (BSM), as they may provide solutions
to many deficiencies in the SM, such as the gauge hier-
archy problem, the origin of dark matter, the generation
of a baryon asymmetry and the strong CP problem.
One of the simplest such extensions is the two-Higgs
doublet model (2HDM) [4, 5] that only adds one more
Higgs doublet to the SM under the same (SM) gauge
symmetry. Its scalar sector consists of five scalars, one
CP-odd Higgs (or pseudoscalar) A0, two CP-even Higgs
bosons (h0 and H0) and two charged HiggsH±. Versions
of the 2HDM are often used in several of well-founded
new physics BSM scenarios, both with and without Su-
persymmetry [6], where the additional Higgs doublet is
either an essential by-product or a necessary component
in indicating issues.
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Since it has an ultimate point as a high-precision ex-
perimental machine and hence its complementary with
LHC, it is useful to investigate the phenomenology of
the Higgs sector in detail in the context of an electron-
positron collider. In this respect, the clean environ-
ment in these colliders would ensure that the Higgs sec-
tor is precisely identified. International Linear Collider
(ILC) [7, 8] is an efficient machine for precise experiments
which is aimed to yield equipment for electron-positron
collisions along with other possibilities such as electron-
electron, electron-photon and photon-photon collisions.
The Compact Linear Collider (CLIC) [9] is a TeVscale
high-luminosity linear collider operating with the center-
of-mass energy energy up to 3 TeV. The primary task
of these linear colliders is to expand and complement the
results obtained in the hadron colliders, and to discover
new physics BSM. Besides, the photon-photon-collision
is of the opinion as other collision mode which can yield
an integrated luminosity of the order of one hundred
fb−1 per year. This collision can produce unique new
physics compared to other types of collisions. Upgrad-
ing the machine is expected to reach the high energies√
s = 1 TeV with up to three hundred fb−1 per year
of total integrated luminosity [10]. In addition to the
possible discovery of the Higgs boson relatives through
examining the observed-Higgs boson properties, the ILC
presents great opportunities to explore new lighter Higgs
bosons or, more commonly, any weakly interacting light
(pseudo)scalar boson via the direct production [11]. Dis-
covering the charged Higgs boson would become a clear
proof of physics BSM and an eminent signal for extended
Higgs sector. An extensive review on charged Higgs phe-
nomenology is available in Ref. [12]. The future e−e+ and
γγ colliders with high energy and high luminosity have
significant potential in the discovery of the charged Higgs
2boson and in the study of its properties. Furthermore,
high energy γγ-collisions, where photons directly coupled
to charged particles, can give a better understanding of
the SM and its extensions for several aspects. Corre-
spondingly, exact predictions are needed for the physical
observables related to charged Higgs bosons.
The main channels of the pair production for charged
Higgs bosons in the linear colliders are e−e+ → H−H+
and γγ → H−H+. Since the cross-section of e−e+ →
H−H+ is suppressed by s-channel contributions, the pro-
duction rate of γγ → H−H+ is larger than that of e−e+-
collision mode. The scattering process e−e+ → H−H+
has been widely studied by including the one-loop correc-
tions in the framework of both 2HDM and MSSM [13–18].
On the other hand, the scattering process γγ → H−H+
has been studied at the one-loop level by including the
full squark corrections [19] and the real radiative correc-
tions [20, 21] in the framework of SUSY but only yukawa
corrections in the 2HDM [22]. Full one-loop level cor-
rections for this production mode should be considered
in the framework of the 2HDM. In order to benefit from
the high precision measurements, we also need a high
precision predictions from the theory, which means that
there is a need to go beyond the leading order calcu-
lations for most processes, hence the full one-loop con-
tributions become significant for physics analyses at the
future colliders, e.g. ILC or CLIC. The scattering pro-
cess γγ → H−H+ have rich physics results and needs a
detailed study in the light of current constraints.
In the present work, the production of the charged
Higgs bosons pairs through photon-photon collision is in-
vestigated in the framework of 2HDM for the first time,
including the full one-loop contributions, i.e. electroweak
(EW) corrections, as well as hard and soft QED radia-
tion. For numerical evaluation, six different benchmark
points, which have a CP -even scalar with mass of 125
GeV and couplings compatible with those of the observed
Higgs boson, are chosen. They are constructed from the
scenarios so-called as “non-alignment”, “low-mH” and
“short-cascade” [23]. These scenarios are defined in the
presence of the up-to-date experimental constraints and
consistent with theoretical constraints as well. The total
cross sections of γγ → H−H+ are scanned over the plane
(mφ0 ,
√
s), where φ0 is h0 for low-mH0 scenario and H
0
for other two scenarios. The parameter space regions in
which the improvement of the production rate is signif-
icant enough to be accessible at the future colliders are
highlighted for each scenario. The production rates in
different polarization collision modes of initial beams are
also discussed.
The rest of this work is organized as follows. In Section
II, a brief review of the 2HDM is presented. In Sec. III,
we review the theoretical and experimental constraints
imposed on the 2HDM. Then, the benchmark scenarios
used in the calculation are given. In Sec. IV, the Feyn-
man diagrams, the corresponding amplitudes, and some
useful analytical expressions are given for the considered
scattering process. The general forms of the virtual and
the real photon radiation corrections are also discussed.
In Sec. V, we present the numerical results related to the
scattering process and decay channels, and discuss in de-
tail the corresponding model parameter dependencies of
the cross sections. Finally, the concluding remarks are
presented in Sec. VI.
II. REVIEW OF THE TWO HIGGS DOUBLET
MODEL
In this section, a brief overview of the 2HDM with
CP-conserving, concerning only relevant details for this
study, is introduced. The 2HDM is constructed by aug-
menting the complex scalar doublet, Φ1, of the SM by
another doublet, Φ2, which changes the dynamics of EW
symmetry-breaking. The most general scalar potential
being invariant under the SU(2)L ⊗ U(1)Y gauge group
is defined by
V2HDM =m
2
1|Φ1|2 +m22|Φ2|2 −
[
m212(Φ
†
1Φ2)
+ h.c.
]
+
λ1
2
(Φ†1Φ1)
2 +
λ2
2
(Φ†2Φ2)
2
+ λ3(Φ
†
1Φ1)(Φ
†
2Φ2) + λ4(Φ
†
1Φ2)(Φ
†
2Φ1)
+
[
λ5
2
(Φ†1Φ2)
2 + λ6(Φ
†
1Φ1)(Φ
†
1Φ2)
+ λ7(Φ
†
1Φ2)(Φ
†
2Φ2) + h.c.
]
(2.1)
where λi (i=1,...,7) are quartic coupling parameters
1 and
Φ1,2 are two complex scalar Higgs doublets. To comply
with some low energy observables, the discrete Z2 sym-
metry is put forward by the Paschos-Glashow-Weinberg
theorem [24, 25]. In particular, this symmetry is applied
to prevent flavor changing neutral currents at tree-level.
The Z2 symmetry requires to λ6,7 andm
2
12 be zero. How-
ever, allowing m212 be non-zero, the Z2 symmetry are
softly broken. The charges assigned under the Z2 sym-
metry allow that each type of fermion interaction with
only one Higgs doublet, i.e., Φ1 or Φ2. According to the
Z2 assignment, there appear four 2HDM-types, which are
mostly categorized as type-I, II, III (or “lepton-specific”)
and IV (or “flipped”) of 2HDM [4, 5]. Table I shows
of how fermions couple to each Higgs doublet (Φ1,2) in
the allowed types where flavor conservation is naturally
obeyed. This work is concentrated on the Type-I and
Type-II of 2HDM. In Type-I, only the doublet Φ2 in-
teracts with both leptons and quarks like in the SM. In
Type-II, the doublet Φ1 couples to leptons and d-type
quarks, while Φ2 couples to u-type quarks.
1 Note that the parameters in (2.1) have to be real for the CP-
conservation.
3TABLE I. Higgs doublets Φ1,2 couplings to u-type quarks, d-
type quarks and charged leptons in the four different types of
2HDMs allowed by the Z2 symmetry.
type ui di ℓi
I Φ2 Φ2 Φ2
II Φ2 Φ1 Φ1
III Φ2 Φ2 Φ1
IV Φ2 Φ1 Φ2
After the spontaneous symmetry breaking of the
SU(2)L⊗U(1)Y gauge symmetry associated with the elec-
troweak force, the neutral components of scalar doublet
acquire vacuum expectation values vj such that
Φj =
(
φ+j
1√
2
(vj + ρj + iηj)
)
, (j = 1, 2), (2.2)
where ρj and ηj are real scalar fields. The combina-
tion v2 = v21 + v
2
2 ≃ (246 GeV)2 is set by its relation
to the mass of W and the Fermi constant as follows:
v2 = 1/(
√
2GF ) = 4m
2
W /g
2. These Higgs doublets in-
clude initially eight degrees of freedom. The three of
them, G±, G0 bosons, are eaten by the longitudinal com-
ponents of the EW vector bosons Z and W±. The re-
maining ones are five physical Higgs bosons: two CP-even
h0 and H0, a CP-odd Higgs A0, and two charged scalars
H±. They are related to the weak eigenstates via(
φ±1
φ±2
)
= Rβ
(
G±
H±
)
,
(
ρ1
ρ2
)
= Rα
(
H0
h0
)
,(
η1
η2
)
= Rβ
(
G0
A0
)
,
(2.3)
with the generic rotation matrix2
Rθ =
(
cθ −sθ
sθ cθ
)
.
For any given value of tβ , the parameters m
2
1 and m
2
2
are determined by the minimization conditions of poten-
tial. The mass parameters m21,2 and quartic couplings
λ1–λ5 can be defined in terms of the physical masses mh,
mH , mA, mH± , along with tβ = v2/v1 (the ratio of vac-
uum expectation values), and the mixing term of neutral
sector sβ−α. The soft Z2 symmetry breaking parameter
m212 is defined by
m212 =
1
2
λ5v
2sβcβ =
λ5
2
√
2GF
tβ
1 + t2β
, (2.4)
where the last equality is only for the tree level. Fix-
ing λ6 and λ7 to zero to respect the Z2 symmetry, m
2
12,
2 Here and in the following, the short-hand notation cx ≡ cos(x),
sx ≡ sin(x) and tx ≡ tan(x) will be used.
tanβ, mixing angle α and four Higgs boson masses are
enough to specify the model completely in the physical
basis 3. Consequently, there are seven independent free
parameters encountered in the Higgs sector of the 2HDM.
The phenomenology of the 2HDM depends signifi-
cantly on the size of the mixing angle α together with
angle β. There appears an alignment limit [26], where
the CP-even Higgs boson h0 looks SM-like Higgs boson if
sβ−α → 1 or cβ−α → 0. The alignment limit is the most
favoured condition by the experimentalists. In this limit,
the couplings of the CP -even Higgs boson h0 in 2HDM
are similar to Higgs boson of SM and can be identified
as the discovered 125 GeV Higgs boson. Furthermore,
the CP -even Higgs boson H0 acts as gauge-phobic such
that its coupling to the vector bosons Z/W± is greatly
suppressed. However, in the limit cβ−α → 1, H0 looks
SM-like Higgs boson.
Furthermore, a decoupling limit appears when cβ−α =
0 and mH0,A0,H± ≫ mZ [27]. At this limit, the Higgs
boson h0 coupling to SM particles completely appear like
the couplings of the SM-Higgs boson that contain the
coupling h0h0h0.
III. PARAMETER SETTING ON 2HDM
The parameter space of 2HDM is subjected to both the
bounds coming from experimental searches and theoret-
ical constraints that arise from the model itself. These
have to be imposed to the free parameters of the model.
A. Theoretical and experimental constraints
The parameter space of the scalar 2HDM potential is
reduced by the theoretical constraints: potential stabil-
ity, perturbativity and unitarity. The V2HDM is bounded
from below respect to the vacuum stability of the 2HDM.
Namely, V2HDM ≥ 0 must be satisfied for all directions
of Φ1 and Φ2. Consequently, the following conditions are
placed on the parameters λi [27–29]:
λ1 > 0, λ2 > 0,
λ3 +
√
λ1λ2 +Min(0, λ4 − |λ5|) > 0.
(3.1)
Another set of constraints enforce that the perturba-
tive unitarity (for details, see Refs. [30, 31]) need to be
fulfilled for scattering of longitudinally polarized gauge
and Higgs bosons. Besides, the scalar potential needs
to be perturbative by demanding that all quartic coef-
ficients satisfy |λ1,2,3,4,5| ≤ 8pi. Furthermore, note that
the global fit to EW measurements dictates ∆ρ to be
3 There are also other bases constructed with different
parametrizations of the 2HDM potential, which are so-called the
Higgs basis and the hybrid basis.
4O(10−3) [32, 33]. This forbids the occurrence of large
mass splitting between Higgs bosons of 2HDM, and im-
poses that mH± ∼ mA or mH or mh.
Besides the above theoretical constraints, 2HDMs have
been researched in the past and still ongoing experi-
ments, such as direct observations at the LHC or in-
direct B physics observables. Consequently, many re-
sults have been accumulated since then, and the pa-
rameter space of the 2HDM is restricted by all con-
ducted results. In the Type-I of 2HDM, the follow-
ing pseudoscalar Higgs mass regions 310 < mA < 410
GeV for mH = 150 GeV, 335 < mA < 400 GeV for
mH = 200 GeV, 350 < mA < 400 GeV for mH = 250
GeV with tβ = 10 have been excluded by the LHC ex-
periment [34]. Furthermore, the CP-odd Higgs mass is
bounded as mA > 350 for tβ < 5 [35] and the mass range
170 < mH < 360 GeV with tβ < 1.5 is excluded for the
Type-I [36].
The charged Higgs boson mass is subject to a number
of limits from direct experimental researches at the LHC
(and previous colliders) as well as from various B-physics
observables. In type-II and IV of 2HDM, the BR(b →
sγ) measurement places bounds on the charged Higgs
mass as mH± > 580 GeV for tβ ≥ 1 [37, 38]. On the
contrary, in the type-I and III of 2HDM, this bound is
much lower [39]. Considering tβ ≥ 2, there is a possibility
for the charged Higgs bosons in type-I and III of 2HDM
to be as light as 100 GeV [39, 40] while at the same
time compatible with LEP and LHC limits as well as
with constraints of all B physics [41–46]. Additionally,
according to LHC, Tevatron and LEP results [47], there
is no exclusion about sβ−α = 1 for mA,H,H± = 500 GeV
in the Type-I 2HDM.
B. Benchmark points scenarios
Let us now provide details of the benchmark scenar-
ios used in this study. The three different benchmark
scenarios, which are named non-alignment, low-mH and
short-cascade, proposed in Ref. [23], are used to investi-
gate the phenomenology of the charged Higgs boson. All
of these scenarios contain a CP -even scalar with 125 GeV
mass and its couplings consistent with the successfully
observed Higgs boson. In addition, a significant portion
of their parameter space is allowed by the constraints
from the extra Higgs bosons searches. The four bench-
mark points (BPs) are selected from these scenarios as
shown in Table II, and they are agree with experimental
and theoretical constraints. For each BP, the quantities
of potential stability, perturbativity and unitarity have
been verified by using 2HDMC 1.7.0 [48, 49].
These benchmark scenarios are constructed on the
hybrid basis4 where the input parameter is designated
4 For a more detailed explanation of their phenomenological rele-
vance, see Ref. [23].
as {mh,mH , cβ−α, tanβ, Z4, Z5, Z7}, for the case of
softly broken Z2-invariant 2HDM. Here, the parameters
Z4, Z5, Z7 are quartic couplings in the Higgs basis of
O(1). The masses of the pseudoscalar Higgs and charged
Higgs boson in this basis are given by
m2A0 = m
2
H0s
2
β−α +m
2
h0c
2
β−α − Z5v2,
m2H± = m
2
A0 −
1
2
(Z4 − Z5)v2.
(3.2)
• In the non-alignment scenario, the discovered
Higgs boson is interpreted as the lightest CP -even
scalar h0, with SM-like properties. In the so-called
alignment limit, the chV V coupling become the
same values as in the SM. In this case, the heav-
ier CP-even Higgs boson H0 could not decay into
the gauge bosonsW−W+ and Z0Z0. However, this
scenario is defined with a non-alignment (cβ−α 6= 0)
as permitted by the current constraints. This leads
to some interesting phenomenology of the H0. The
other two Higgs bosons H± and A0 are decoupled
as mh0 = 125 GeV < mH0 < mH± = mA0 . In this
scenario, to obtain values of mH± which satisfy the
b→ sγ constraint, quartic coupling parameters are
set as Z4 = Z5 = −2. Consequently, tanβ and
mH0 remain as free parameters. One benchmark
point, BP1, is selected from this scenario by fixing
cβ−α = 0.1 with type I.
• The short-cascade scenario is established with a
SM-like h0 by taking exact alignment, cβ−α = 0.
The mass hierarchy could be arranged such that it
is possible for either one or both of the decay chan-
nels H0 → W±H∓ or H0 → Z0A0 to be open,
and resulting Higgs-to-Higgs decays in a small cas-
cade. In this scenario, two of the Higgs masses
mA0 ,mH0 ,mH± are choosen to be equal for sim-
plicity. These mass degeneracies could be arranged
by choosing Z4 and Z5 properly. In this study, two
different mass hierarchy are considered for Type-I
2HDM. They are as follows: mA0 < mH± = mH0
for Z4 = −Z5 = −1, and mH± < mA0 = mH0 for
Z4 = 2 and Z5 = 0, while keeping the remaining
parameters fixed such as tanβ = 2, Z7 = −1. Two
benchmark points, BP2 and BP3, are taken from
this scenario by fixing cβ−α = 0 with type-I.
• Another scenario is the low-mH scenario where
both CP -even Higgs bosons (h0, H0) are light,
however; the heavier one (H0) is assumed as SM-
like Higgs boson so that mH0 = 125 GeV. The
coupling of the heavier CP-even Higgs to gauge
bosons is proportional to cβ−α. Becausemh < mH ,
the couplings of lighter CP-even scalars to vector
bosons must have been heavily suppressed to agree
with direct search bounds which forces sβ−α → 0.
Similarly to non-alignment scenario, to decouple
the Higgs bosons A0 and H±, the quartic param-
eters Z4 and Z5 are taken as Z4 = Z5 = −5. The
5TABLE II. A list of the input parameters for benchmark scenarios which can be used to realize the 2HDM in hybrid base.
Scenario BPs mh0 (GeV) mH0 (GeV) cβ−α Z4 Z5 Z7 tan β Type mass hierarchy
Non-alignment BP1 125 150 . . . 600 0.1 −2 −2 0 1 . . . 50 I mH0 < mH± = mA0
Short cascade
BP2
125 250 . . . 500
0 −1 1 −1
2 I
mA0 < mH± = mH0
BP3 0 2 0 −1 mH± < mA0 = mH0
Low-mH BP4 65 . . . 120 125 1.0 −5 −5 0 1.5 II mh0 < mH± = mA0
corresponding mass hierarchy is mh0 < mH0 =
125 GeV < mH± = mA0 . The parameter space for
90 < mh < 120 GeV is restricted by the searches
h → bb, ττ at the LHC, leads to an upper bound
on tanβ [23]. Therefore, it is taken as tanβ = 1.5.
The BP4 is selected from this scenario by fixing
cβ−α = 1.0 with type II.
IV. THE CROSS SECTION OF THE CHARGED
HIGGS BOSON PAIR PRODUCTION IN
PHOTON-PHOTON COLLISIONS:
THEORETICAL SETUP
The future e−e+ colliders could also supply another
possibility to measure the production of H−H+ in
photon-photon collision mode. This can be carried
through the Compton backscattered photons, produced
in the intense laser photon scatterings on the initial
electron-positron beams. Similar with the study on the
scattering process e−e+ → H−H+, the evaluation of the
corresponding pair production in photon-photon colli-
sions is also crucial for the precise experimental measure-
ments of production of H−H+ at an e−e+ linear collider.
Here, some details about the calculation of the tree-
level and one-loop corrections of cross section are respec-
tively provided. The relevant production channel is ex-
pressed by
γ(p1, λ1)γ(p2, λ2)→ H−(k1)H+(k2), (4.1)
where the quantities p1, p2, k1 and k2 in parentheses label
the corresponding particle 4-momenta. λ1 and λ2 denote
the helicities of initial photons and can take the value
of either +1 or −1, corresponding to a right-handedly
(R) and left-handedly (L) polarized photon beam, re-
spectively. All these momenta obey the on-shell equa-
tions p21 = p
2
2 = 0 and k
2
1 = k
2
2 = m
2
H± . Also note for
further use the Mandelstam variables:
sˆ = (k1 + k2)
2 = (p1 + p2)
2,
tˆ = (k1 − p1)2 = (k2 − p2)2,
uˆ = (k2 − p1)2 = (k1 − p2)2.
(4.2)
The polarization vectors of the photons are introduced
by
ε1µ(p1, λ1 = ±1) = −
1√
2
(0, 1,∓i, 0),
ε2µ(p2, λ2 = ±1) =
1√
2
(0, 1,±i, 0),
(4.3)
which ensure εi · pj = 0 for i, j = 1, 2.
The analytical and numerical evaluation have been ob-
tained by adopting Mathematica packages5 as follows:
The Feynman diagrams and the relevant amplitudes have
been created with the help of FeynArts [53]. Then, the
squaring the corresponding amplitudes, the simplifica-
tion of the fermion chains, and the numerical evaluation
have been carried out by FormCalc [54]. The scalar
loop integrals have been evaluated by LoopTools [55].
The phase-space integration is computed by the Monte-
Carlo integration algorithm Vegas as implemented in the
CUBA library [56].
A. Leading Order Calculation
At tree-level, the leading contribution to the process
occurs via t and u-channel charged Higgs-exchange dia-
gram and the quartic coupling diagram. These contribu-
tions are at an order of O(αew) and they are based on
pure electroweak interactions. The tree-level Feynman
diagrams contributing to γγ → H−H+ in the 2HDM is
given in Fig. 1. The matrix elements corresponding to
Γ
Γ
H-
H+
H1L
Γ
Γ
H-
H
H2L
H+
Γ
Γ
H-
H+
H
H3L
FIG. 1. The tree-level Feynman diagrams for the process
γγ → H−H+.
each diagram are respectively expressed as
M1 =− iCH−H+γγgµνεµ(p1)εν(p2), (4.4)
M2 =
−iC2H−H+γ[
tˆ−m2H±
] (p2 − 2k2)νεν(p2)
× (−p2 − k1 + k2)µεµ(p1),
(4.5)
5 We have already done several recent works [50–52] by using the
same tools and achieved significant results.
6M3 =
−iC2H−H+γ[
uˆ−m2H±
] (p2 − 2k1)νεν(p2)
× (−p2 + k1 − k2)µεµ(p1),
(4.6)
where εµ(p1) and εν(p2) are polarization vector of in-
coming photons. The total amplitude at the lowest order
could be determined by summing up all the above matrix
elements:
M0 =
3∑
i=1
Mi. (4.7)
The tree-level total amplitude includes only the couplings
CH−H+γ = ie,
CH−H+γγ = 2ie
2,
(4.8)
which are independent of the 2HDM angles. These cou-
plings are universal in a sense and come from the kinetic
energy term of the Higgs fields. However, the other cou-
plings, Ch0H−H+ and CH0H−H+ , are produced from the
scalar potential of 2HDM. The couplings Ch0H−H+ and
CH0H−H+ mainly come up at s-channel diagrams.
After squaring the total amplitude and summing over
the helicities of the final states, the total cross-section
σ(γγ → H−H+) is obtained by using following formula
σˆγγ→H
−H+
LO =
1
16pisˆ2
∫ tˆ+
tˆ−
(
1
4
)∑
hel
|M0|2dtˆ (4.9)
with
tˆ± = (m2H± −
sˆ
2
)± 1
2
(√
sˆ2 − 4sˆm2H±
)
. (4.10)
where the average over initial photons spins represented
by the factor (1/4). The parameters entering the tree-
level cross-section are all standard except for the mass of
the charged Higgs. Moreover, the non-standard param-
eters of 2HDM appearing at the one-loop level could be
consistently taken as bare in the calculations.
B. NLO Corrections
In the analysis of high-energy processes observed at
the current and future colliders, higher-order corrections
(at least, next-to-leading order contributions) should be
included for precise theoretical predictions. The pro-
cess (4.1) has one-loop level contributions as the next-
to-leading order. They are based on pure EW interac-
tions at the order of one-loop. In the one-loop level, the
total amplitude can be expressed as a linear sum of trian-
gle, box, and bubble one-loop integrals. According to the
type of loop correction, the virtual contributions are com-
ing from three different type diagrams: self-energy, box-
type, and vertex-type (triangle&bubble-type s-channel)
diagrams.
A complete set of one-loop Feynman diagrams for
γγ → H−H+ in the 2HDM and the corresponding am-
plitudes have been provided by the FeynArts. These
diagrams are drawn in Figs. 2 to 4. In the other set
of diagrams, particles in each loop are running counter-
clockwise. Note that Feynman diagrams with electron-
Higgs couplings have been neglected. The internal par-
ticles in diagrams are labeled as follows: φ0 indicates
to all neutral Higgs/Goldstone bosons (h0, H0, A0, G0);
u± indicates the ghosts; um/dm can be u/d-type quarks
(the subscript m represents the generation of quark) and
l stands for leptons e, µ, τ . In loop diagrams, dashed-
lines indicate to neutral and charged Higgs bosons, and
wavy-lines represent γ and Z, W±-bosons. The Man-
delstam variables (4.2) are also valid for in there. The
contribution can also be topologically divided into sˆ, tˆ
and uˆ-channel diagrams with intermediate the neutral
Higgs bosons (h0, H0, A0, G0), charged Higgs/Goldstone
bosons (H±,G±), gauge bosons (γ, Z, W±).
The self-energy diagrams consist of all possible
self-energy loops of quarks, gauge bosons, and neu-
tral/charged Higgs/Goldstone bosons on the propaga-
tor of charged Higgs boson as shown in Fig. 2. The
box-type contributions include all possible loops of
quarks, neutral Higgs bosons, gauge bosons, and charged
Higgs/Goldstone bosons as shown in Fig. 3. The vertex-
correction diagrams consist of triangle corrections to tˆ-
channel charged Higgs exchange, triangle and bubbles
vertices attached to the final state through an interme-
diate γ or Z or neutral Higgs bosons, as shown in Fig. 4.
Most of them consist mainly of tˆ and uˆ-channel contri-
butions. The sˆ-channel contributions only arrise from
diagrams (22)-(24) in Fig. 3 and diagrams (15)-(21) and
(34)-(39) in Fig. 4. The sˆ-channel diagrams may be make
a significant contribution to the cross section, however
they are nearly negligible away from the mass pole of the
propagator.
The relevant total amplitude can be written by sum-
mation over all contributions from self-energy, triangle,
and box diagrams as
Mvirt =M© +M +M△. (4.11)
For virtual one-loop corrections, the differential cross sec-
tion, summing over the helicities of the final states, can
be calculated by
dσˆγγ→H
−H+
virt =
1
16pisˆ2
(
1
4
)∑
hel
2Re
[M∗0Mvirt]dtˆ
(4.12)
where |Mvirt|2 is not included since it is very small. The
virtual contributions are ultraviolet (UV) and infrared
(IR) divergent. The UV divergences are handled by di-
mensional regularization [57] in the on-mass-shell renor-
malization scheme. The counter terms are included via
diagrams in Fig. 5. For 2HDM, all Feynman rules includ-
ing counter terms and the renormalization conditions are
described in Ref. [58]. Here, the calculation has been
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FIG. 2. The self-energy correction diagrams contributing to the process γγ → H−H+.
Γ
Γ
H-
H+H
,
G
H
, G
H,
G
H1L
Γ
Γ
H-
H+G
,
W
G
, W
G, W
H2L
Γ
Γ
H-
H+
H
H Γ, Z
H3L
Γ
Γ
H-
H+
G, W
G, W Φ
0
H4L
Γ
Γ
H-
H+
H
H Γ,
Z
H5L
Γ
Γ
H-
H+
G, W
W Φ
0
H6L
Γ
Γ
H-
H+
Γ
,
ZH
H
H7L
Γ
Γ
H-
H+G, W
W Φ0
H8L
Γ
Γ
H-
H+H
H Γ, Z
H9L
Γ
Γ
H-
H+G, W
W Φ0
H10L
Γ
Γ
H-
H+
Φ0G,
H, W
G
, H
, W
H11L
Γ
Γ
H-
H+
Γ, ZH
H
H12L
Γ
Γ
H-
H+
um  dm
um  dm
um  dm
dm  um
H13L
Γ
Γ
H-
H+
H
H
H
h0, H0
H14L
Γ
Γ
H-
H+
H
H
H
Γ, Z
H15L
Γ
Γ
H-
H+
G, W
G, W
G, W
Φ0
H16L
Γ
Γ
H-
H+
um
 dm
um  dm
um  dm
dm
 um
H17L
Γ
Γ
H-
H+
H
H
H
h0 , H0
H18L
Γ
Γ
H-
H+
H
H
H
Γ, Z
H19L
Γ
Γ
H-
H+
G, W
G, W
G, W
Φ0
H20L
Γ
Γ
H-
H+
dm  umdm  umum  dm
um  dm
H21L
Γ
Γ
H-
H+H, G
H, G
H22L
Γ
Γ
H-
H+W
W
H23L
Γ
Γ
H-
H+
H Γ, Z
H24L
Γ
Γ
H-
H+
Φ0 W
H25L
Γ
Γ
H-
H+
H Γ,
Z
H26L
Γ
Γ
H-
H+
Φ0 W
H27L
FIG. 3. The box correction diagrams contributing to the process γγ → H−H+.
carried out by using the FeynArts model file that in-
cludes these counter terms (for details see Ref. [58]). The
calculation of the amplitude has been performed in ’t
Hooft-Feynman gauge. After the renormalization pro-
cedure, the virtual part becomes UV-finite. Though, it
still contains the soft IR singularities originated from the
exchange of virtual photons in the loops. These singu-
larities are regularized by introducing a photon mass pa-
rameter, mγ
6. All these singularities in the limit mγ → 0
are cancelled by adding the real photon bremsstrahlung
corrections, according to the Kinoshita-Lee-Nauenberg
theorem [59, 60]. The real photon radiation process is
denoted by
γ(p1)γ(p2)→ H−(k1)H+(k2)γ(k3), (4.13)
where k3 is the four-momenta of radiated photon. The
relevant diagrams are given in Fig. 6. According to the
6 This is automatically carried out by LoopTools.
energy of the radiation photon k03 =
√
|−→k3|2 +m2γ , the
bremsstrahlung phase space is divided into a soft region
and a hard region. Hence, the real photon radiation cor-
rection is written as follows:
dσˆγγ→H
−H+γ
real = dσˆsoft(δs) + dσˆhard(δs) (4.14)
where δs is the soft cut-off energy parameter δs =
∆Eγ/(
√
sˆ/2). If the energy of radiation photon is k03 <
∆Eγ = δs
√
sˆ/2, it is called soft. If k03 > ∆Eγ , the radia-
tion photon is hard. The soft part is calculated by using
the soft photon approximation formula [61, 62]
dσˆsoft = −dσˆ0αe
2
2pi2
∫
|−→k3|≤∆Eγ
d3k3
2k03
[
k1
k1 · k3 −
k2
k2 · k3
]2
(4.15)
where dσˆ0 is the tree-level differential cross section and
the soft photon cut-off energy ∆Eγ satisfies k
0
3 ≤ ∆Eγ ≪√
sˆ.
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FIG. 4. The vertex-correction diagrams contributing to the process γγ → H−H+.
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Although both soft and hard terms depend on soft cut-
off parameter δs, the real correction does not depend on
the soft cut-off parameter. Furthermore, summing the
virtual and soft contributions drops out the dependence
of the IR regulator mγ . The result now depends on the
parameter δs, i.e., ∆Eγ , and the hard photon radiation
contribution must be added as well for dropping this de-
pendence out.
Consequently, the UV and IR finite total one-loop cor-
rections are expressed as a sum of the virtual, the soft
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FIG. 6. The Feynman diagrams for the real photon radiation.
photon radiation, and the hard photon radiation:
dσˆγγ→H
−H+
NLO = dσˆvirt(mγ) + dσˆsoft(mγ , δs)
+ dσˆhard(δs)
(4.16)
which is independent of the IR regulator mγ and soft
cut-off parameter δs.
We have numerically checked that our results do not
depend on mγ or on ∆Eγ = δs
√
sˆ/2. For the repre-
9sentatively non-alignment scenario with tβ = 10 and
mH0 = 150 GeV, the virtual plus soft correction, the
hard photon radiation correction and the total one-loop
correction are plotted as a function of the soft cutoff pa-
rameter δs at
√
sˆ = 1 TeV in Fig. 7. As one can see from
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FIG. 7. (color online). The virtual, soft and hard photon
radiation corrections to process γγ → H−H+ as a function
of the soft cutoff δs for the non-alignment scenario.
this figure, the virtual plus soft correction and the hard
photon radiation correction change with the variation
of δs, but their sum remains almost constant, i.e., does
not change over several orders of magnitude. The rela-
tive one-loop correction σˆNLO/σˆLO is also stable around
−13% as shown in subpanel of figure.
During our numerical evaluation below, the soft cutoff
parameter has been fixed as δs = 10
−3.
C. Calculation of the Parent Process
e+e− → γγ → H+H−
The photon-photon collisions can be realized at the
facility in the future generation of TeV-class linear col-
liders. Then γγ → H+H− is generated as a subprocess
of electron-positron collision at the linear colliders. The
total cross-section of the parent process e+e− → γγ →
H+H− could be obtained by folding σˆ(γγ → H+H−)
with the luminosity of photon
dLγγ
dz
= 2z
∫ xmax
z2/xmax
dx
x
Fγ/e(x)Fγ/e
(
z2
x
)
, (4.17)
so that
σe
+e−→γγ→H+H−(s) =∫ xmax
(2m
H±
)/
√
s
dz
dLγγ
dz
σˆ(γγ → H+H−; sˆ = z2s), (4.18)
where Fγ/e(x) represents the photon structure function.
The photon spectrum is qualitatively better for larger
values of the x-fraction of the longitudinal momentum of
the e−-beam. In the case of x > 2(1 +
√
2) ≈ 4.8, the
high-energy photons could vanish via the pair produc-
tion of e−e+ in its collision with a subsequent laser-γ.
The energy spectrum of the photon provided as a Comp-
ton backscattered photon off the e−-beam [63] has been
utilized for Fγ/e(x) in this study.
V. NUMERICAL RESULTS AND DISCUSSIONS
The numerical results of the production of the charged
Higgs boson pairs through photon-photon collisions are
discussed in detail, considering full one-loop corrections
in the 2HDM, including soft and hard QED radiation.
For each benchmark scenario, the tree-level and the NLO
corrections of the cross sections are numerically evalu-
ated as a function of the center-of-mass energy and the
mass of Higgs boson selected as a non-fixed free param-
eter. The regions of the parameter space where the
production rates are large enough to be detectable are
highlighted. The longitudinal polarizations of the ini-
tial beams are significant to improve the production rate;
therefore, some polarization distributions are presented,
as well. Decay channels of the charged Higgs boson are
also investigated for the scenarios interested.
For the numerical calculation, the SM input parame-
ters are set as GF = 1.1663787(6)× 10−5 GeV−2, mW =
80.385 GeV, mZ = 91.1876 GeV, mt = 173.21 GeV, and
α−1(0) = 137.03599.
The following notations are used here:
i. σLO := the tree-level total cross section.
ii. σNLO := the NLO corrections of the cross-section
i.e., the virtual plus real contributions.
iii. σLO+NLO := the full cross section including all one-
loop corrections.
iv. δr := the relative correction in percent defined as
(σNLO/σLO)× 100.
In the following subsections, the numerical evaluations
for each BP is separately presented. The numerical re-
sults are of course dependent on the choice of the 2HDM
parameters. Nonetheless, they provide an opinion of the
relevance of the full one-loop contributions. As a gen-
eral comment, it can be pointed out that the tree-level
cross sections depend solely on the parameters of SM
(and mH±). As a result, any dependence on the free
parameters of 2HDM can appear firstly at the one-loop
level (except for mH±).
A. Non-alignment scenario
For BP1 defined in the non-alignment scenario, the
tree-level and the NLO corrections of cross sections of
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FIG. 8. (color online). (a) The tree-level and (b) NLO corrections of cross sections (in fb), and (c) the corresponding relative
correction for process γγ → H−H+ scanned over the (mH0 ,
√
sγγ) plane with tan β = 10 in the non-alignment scenario. The
contour lines correspond to predictions for mH± in unit of GeV, and the relative corrections as a percentage.
process γγ → H−H+ are scanned over the regions of
mH0 -
√
s, and plotted in Figs. 8(a)-(b), respectively. Ad-
ditionally, to describe the full EW corrections to the
tree-level cross section quantitatively, the correspond-
ing relative correction is plotted as functions of mH0 -√
s in Fig. 8(c). The scan parameters are varied as fol-
lows: 150 ≤ mH0 ≤ 600 GeV in steps of 10 GeV, and
850 ≤ √s ≤ 3000 GeV in steps of 50 GeV. Here, it is
assumed that the lightest CP-even scalar is the SM-like
Higgs boson. For this scenario, the vacuum stability and
perturbativity do not allow a large split between mA0
and mH± ; for this reason it is set mA0 = mH± . Also,
any value of mA0 is allowed via the EW precision tests.
Consequently, this scenario have a mass hierarchy as fol-
low: mh0 = 125 GeV < mH0 < mH± = mA0 . The values
of the mass of charged Higgs boson mH± , which are cal-
culated by Eq. (3.2) in terms of the mass of neutral Higgs
boson mH0 , are shown with contour lines in Figs. 8(a)-
(b), and the mH± grows relatively with increasing of the
mH0 . When mH0 runs from 150 to 600 GeV, mH± varies
from 379 to 691 GeV for BP1.
We can see from these figures that the total cross sec-
tions are sensitive to the mass of Higgs boson mH0 since
mH0 is directly related with mH± so the phase space of
the final state particles. In the case of mH± >
√
s/2, the
charged Higgs pair production is kinematically inaccessi-
ble as shown by white regions in parameter space. When
mH± ≪
√
s/2, the cross section nearly scales as 1/s
and reaches its larger values. When the mass of charged
Higgs boson mH± with along mH0 becomes larger, the
tree-level cross section decreases as expected while NLO
corrections slowly increases. Particularly, the cross sec-
tion reaches its larger values for mH0 < 400 GeV in the
scan region. The NLO corrections make negative contri-
butions to total cross section except for extreme points
in the parameter regions. The NLO correction of total
cross section σNLO(γγ → H−H+) ranges from -7 to -2
fb at most of the parameter space. The relative correc-
tion is always negative in the whole region and mostly
ranges from −15% to −30% as seen from the contour
lines in Fig. 8(c). Its magnitude increases with increas-
ing of
√
sγγ and reaches about −31% at
√
sγγ = 3 TeV.
However, the relative correction becomes larger near the
production threshold (
√
sγγ ≈ 2mH±) because the cross
section is very small in this region, so this enhancement
is phenomenologically insignificant. At
√
sγγ = 1 TeV,
the relative correction is about −13.06% for mH± =
401.25 GeV and −8.38% for mH± = 492.63 GeV. For
example, at
√
sγγ = 900 GeV for mH0 = 150 GeV
(mH± = 379.05 GeV), the full one-loop corrected cross
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section is σLO+NLO(γγ → H−H+) = 51.97 fb with
δr = −11.28%. Overall, the full one-loop corrected cross
section is at a visible level ofO(101 fb) in the range of 4 to
55 fb for considered parameter regions of non-alignment-
scenario.
In Fig. 9, the initial beam polarisation dependence of
the integrated tree-level and full one-loop EW-corrected
cross sections are plotted as a function of
√
sγγ for BP1,
where we take mH0 = 200 GeV and tβ = 10. The√
sγγ varies from the value little larger than the thresh-
old 2mH± to 3 TeV. The curves correspond to the in-
tegrated cross section with oppositely-polarized photons
(+−), right-handed polarized photons (++) and unpo-
larized photons (UU), respectively. Note that the inte-
grated cross sections with the (+−) and (−+) photon
polarization are equal: σ+− = σ−+. As indicated in this
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FIG. 9. (color online). The polarized tree-level and full one-
loop EW-corrected cross sections of process γγ → H−H+ for
different polarization modes of initial beams as a function of√
sγγ with mH0 = 200 GeV and tanβ = 10 for BP1.
figure, all curves reach to their maximum cross section
values as the center-of-mass energy goes from the thresh-
old value to the corresponding position of peak. This
is also the expected behavior. These peaks appear at√
sγγ = 890 GeV for σ
UU,
√
sγγ = 880 GeV for σ
++ and√
sγγ = 1600 GeV for σ
+−. At high energies, the inte-
grated cross sections with oppositely polarized photons
(−+) or (+−) are enhanced by a factor of 1.9 as com-
pared to the unpolarized case. In the case of both pho-
tons with right-handed or left-handed polarized (++) or
(−−), although at high energies, the integrated cross sec-
tions are highly suppressed, at low energies they are am-
plified up to about 2 times. These results imply that hav-
ing both photons polarized can turn out to be significant
to ensure a measurable production rate. The σUULO+NLO
reaches a maximum of 48.78 fb and the corresponding rel-
ative correction δUUr is −10.94%. The σ++LO+NLO reaches a
maximum of 95.21 fb and the corresponding relative cor-
rection δ++r is −10.82%. The σ+−LO+NLO reaches a maxi-
mum of 28.3 fb and the corresponding δ+−r is −21.66%.
When the
√
sγγ goes from 1 to 1.5 TeV, the unpolarized
cross section σUULO+NLO decreases from 42.39 to 22.04 fb.
In the same energy range, the σ++LO+NLO decreases from
74.27 to 15.49 fb.
On the other hand, the absolute relative corrections
increase with the increment of
√
sγγ for all cases. The
relative corrections δr change in the ranges of δ
UU
r ∈
[−3.4%,−30.6%], δ+−r ∈ [−6.9%,−31.3%] and δ++r ∈
[−3.4%,−15.7%], when the √sγγ goes from 810 GeV to
3 TeV.
B. Short-cascade scenario
The tree-level and the NLO corrections of cross sec-
tions, and the corresponding relative correction of pro-
cess γγ → H−H+ are scanned over plane of mH0 -
√
sγγ
for BP2 (Fig. 10) and BP3 (Fig. 12) in the short-cascade
scenario, where the lightest CP-even Higgs h0 behaves
like the SM Higgs boson by fixing cβ−α to be zero (ex-
act alignment). The scan parameters are varied as fol-
lows: 250 ≤ mH0 ≤ 500 GeV in steps of 5 GeV, and
150 − 550 ≤ √s ≤ 3000 GeV in steps of 50 GeV. There
are two mass hierarchies as follows: mA0 < mH0 = mH±
for BP2 and mH± < mA0 = mH0 for BP3. The val-
ues of the mass of charged Higgs boson mH± , which are
calculated by Eq. (3.2) in terms of the mass of neutral
Higgs boson mH0 , are shown with contour lines, and the
mH± increases with increasing of the mH0 . The white
regions in parameter space mean that the charged Higgs
pair production is kinematically inaccessible. When
mH± ≪
√
s/2, the cross section approximately scales as
1/s, the t-channel contributions to production rate be-
come important. When mH0 runs from 250 to 500 GeV,
mH± varies from 250 to 500 GeV for BP2, while it varies
from 48.75 to 436 GeV for BP3. Due to presence of ex-
act alignment cβ−α = 0 in the short-cascade scenario, the
coupling Ch0H−H+ would reach its largest value affecting
the cross section. However, the effect of CH0H−H+ on
the total cross-section will be reduced.
For both benchmark points, the NLO corrections make
negative contributions to total cross section except for
threshold points in the parameter space. The tree-level
cross section decreases with increment of mH± as ex-
pected, while the NLO corrections increases quantita-
tively. The size of NLO-corrected cross sections reach
up to a level of 102 and 103 fb for BP2 and BP3, respec-
tively.
As shown in Fig. 10, the σNLO(γγ → H−H+) for
BP2 ranges from -12 to -2 fb at the considered pa-
rameter space, and its maximum value of -11.93 fb
reaches at
√
sγγ = 650 GeV and mH0 = 250 GeV. For
all center-of-mass energies, there appears the dip near
mH0 = 420 GeV, which corresponds to mH± = 420 GeV
and mA0 = 340.26 GeV, due to the threshold effect
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FIG. 10. (color online). (a) The tree-level and (b) NLO corrections of cross sections (in fb), and (c) the corresponding relative
correction for process γγ → H−H+ scanned over the (mH0 ,
√
sγγ) plane for BP2 in the short-cascade scenario. The contour
lines correspond to predictions for mH± in unit of GeV, and the relative corrections as a percentage.
mH± ∼ mW± + mA0 . The corresponding relative cor-
rection mostly ranges from −10% to −35% as seen from
the contour lines in Fig. 10(c). Its magnitude increases
with increasing of
√
sγγ and reaches around −35% at√
sγγ = 3 TeV in the region of 250 GeV ≤ mH± ≤
320 GeV. Note that the relative correction becomes pos-
itive in a small region due to the production threshold
(
√
sγγ ≈ 2mH±). For example, at
√
sγγ = 1 TeV, the
relative correction increases from −16.59% to −7.13%
when mH± running from 250 GeV to 490 GeV. The
NLO corrected cross section σLO+NLO(γγ → H−H+)
reaches a maximum value of 130.46 fb with δr = −7.23%
at
√
sγγ = 550 GeV for mH± = 250 GeV. At
√
sγγ =
1.5 TeV, when mH± running from 250 to 500 GeV, the
σLO+NLO(γγ → H−H+) decreases from 29.99 to 19.16
fb while δr changes from −22.63% to −18.27%.
In Fig. 11, the initial beam polarisation dependence of
the integrated tree-level and full one-loop EW-corrected
cross sections are plotted as a function of
√
sγγ for BP2,
where we take mH0 = 250 GeV. The curves here are like
those in Fig. 9. All curves increase firstly, reach their
maximal values, and then decrease with the increment
of
√
sγγ . The σ
UU
LO and σ
UU
LO+NLO have a peak around
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FIG. 11. (color online). The polarized tree-level and full one-
loop EW-corrected cross sections of process γγ → H−H+ for
different polarization modes of initial beams as a function of√
sγγ with mH0 = 250 GeV for BP2.
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FIG. 12. (color online). (a) The tree-level and (b) NLO corrections of cross sections (in fb), and (c) the corresponding relative
correction for process γγ → H−H+ scanned over the (mH0 ,
√
sγγ) plane for BP3 in the short-cascade scenario. The contour
lines correspond to predictions for mH± in unit of GeV, and the relative corrections as a percentage.
√
sγγ = 560 GeV with a value of 141.12 fb and 130.33 fb,
respectively, with δUUr = −7.65%. On the other hand, the
σ+−LO and σ
+−
LO+NLO have a peak around
√
sγγ = 1 TeV
with a value of 93.01 fb and 76.29 fb, respectively, with
δ+−r = −17.97%. The σ++LO and σ++LO+NLO have a peak
around
√
sγγ = 540 GeV with a value of 271.81 fb and
253.17 fb, respectively, with δ++r = −6.86%. The relative
corrections δUUr and δ
++
r decrease from −5% to −35%
while δ++r become largest where the production cross sec-
tion σ++ goes to zero. When
√
sγγ running from 520
to 3000 GeV, the polarization improvement varies from
0.007 to 1.98 and 2.00 to 0.02 with oppositely polarized
photons (+−) and right-handed polarized photons (++),
respectively, compared to the unpolarized case.
For BP3, the σNLO(γγ → H−H+), as seen from
Fig. 12, ranges from -34 to -3 fb at the considered param-
eter space, and its maximum value of -34.34 fb reaches
at
√
sγγ = 150 GeV and mH0 = 250 GeV. The cor-
responding relative correction mostly ranges from −5%
to −30%. Its magnitude increases with increasing of√
sγγ and reaches about −30% at
√
sγγ = 3 TeV in
the region of 173 GeV ≤ mH± ≤ 317 GeV. Note that
the relative correction becomes positive in a small re-
gion due to the production threshold (
√
sγγ ≈ 2mH±).
For example, at
√
sγγ = 1 TeV, the relative correction
decreases from −8.8% to −14.11% when mH0 running
from 250 GeV to 400 GeV. At
√
sγγ = 0.5 TeV, the
σLO and σLO+NLO decrease from 436.8 to 111.9 fb and
419.4 to 107.9 fb, respectively, as mH± running from
48.75 GeV to 243 GeV. The NLO corrected cross sec-
tion σLO+NLO(γγ → H−H+) reaches a maximum value
of 2.34 pb with δr = −1.45% at
√
sγγ = 150 GeV for
mH± = 48.75 GeV. At
√
sγγ = 1 TeV, when mH0 run-
ning from 250 to 500 GeV, the σLO+NLO(γγ → H−H+)
decreases from 111.89 to 40.28 fb while δr varies from
−8.8% to −12.13%.
In Fig. 13, the initial beam polarisation distributions
on σLO and σLO+NLO are given as a function of
√
sγγ for
BP3, where we take mH0 = 300 GeV. The curves here
are labeled the same as in Fig. 9. All curves increase
firstly, reach their maximal values, and then decrease
with the increment of
√
sγγ . The σ
UU
LO and σ
UU
LO+NLO peak
around
√
sγγ = 380 GeV with a value of 300.14 fb and
290.77 fb, respectively, with δUUr = −3.12%. Moreover,
the σ+−LO and σ
+−
LO+NLO peak around
√
sγγ = 680 GeV
with a value of 197.83 fb and 179.28 fb, respectively,
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FIG. 13. (color online). The polarized tree-level and full one-
loop EW-corrected cross sections of process γγ → H−H+ for
different polarization modes of initial beams as a function of√
sγγ with mH0 = 300 GeV for BP3.
with δ+−r = −9.37%. The σ++LO and σ++LO+NLO peak at√
sγγ = 380 GeV with a value of 585.02 fb and 565.51 fb,
respectively, with δ++r = −3.09%.
For BP3, both δUUr and δ
++
r decrease from −2% to
−29% while δ++r become largest where the production
cross section σ++ goes to zero. At high energies, the
integrated cross sections with oppositely polarized pho-
tons are enhanced by a factor of 1.99 as compared to the
unpolarized case. In the case of both photons with right-
handed polarized, the integrated cross sections are highly
suppressed at high energies; but at low energies they are
amplified up to 1.99 times. The polarization considerably
improves the production rate, as expected. This improve-
ment is almost independent of scenarios considered in this
study. At other scenarios, similar improvement appears.
C. Low-mH scenario
In Fig. 14, the tree-level and the NLO corrections of
cross sections, and the corresponding relative correction
of process γγ → H−H+ are scanned over the regions
of mh0-
√
s in the low-mH scenario, where the heaviest
CP-even Higgs H0 behaves like the SM Higgs boson and
its mass is taken as mH0 = 125 GeV. The scan param-
eters are varied as follows: 65 ≤ mh0 ≤ 120 GeV in
steps of 1 GeV, and 1150 ≤ √s ≤ 3000 GeV in steps
of 50 GeV. Similar to the non-alignment scenario, the
two Higgs bosons, A0 and H±, decouple sufficiently such
that they do not affect the phenomenology. The corre-
sponding mass hierarchy is mh0 < mH0 = 125 GeV <
mH± = mA0 . The values of the mass of charged Higgs
boson mH± , which are calculated in terms of the mass of
neutral Higgs boson mh0 , are shown with contour lines,
and the mH± changes very slowly with increasing of the
mh0 . When mh0 runs from 65 to 120 GeV, mH± varies
from 554 to 563 GeV for BP4. Due to being cβ−α = 1
in the low-mH scenario, the coupling CH0H−H+ would
reach its largest value affecting the cross section. How-
ever, the effect of Ch0H−H+ on the total cross-section will
be reduced.
The integrated cross sections σLO(γγ → H−H+) and
σNLO(γγ → H−H+) change very slowly with mh0 , due
to the small range of mass mH± . They decrease with in-
creasing of
√
sγγ when mH± ≪
√
s/2. Particularly, they
reaches its larger values for
√
sγγ < 1500 GeV in the scan
region. The NLO corrections make negative contribu-
tions to total cross section as in the previously discussed
scenarios. The σNLO(γγ → H−H+) ranges from -3.5
to -3 fb at most of the parameter space. On the other
hand, the relative correction mostly ranges from −10%
to −32% as seen from the contour lines in Fig. 14(c).
Its magnitude increases with increasing of
√
sγγ . For
example, at
√
sγγ = 1.2 TeV, the relative correction in-
creases from −9.85% to −9.53% when mh0 running from
65 GeV to 120 GeV. The NLO corrected cross section
σLO+NLO(γγ → H−H+) reaches a maximum value of
25.47 fb with δr = −11.1% at
√
sγγ = 1250 GeV for
mH± = 554 GeV. Overall, the σLO+NLO(γγ → H−H+)
appears usually in the range of 6 to 25 fb for considered
parameter regions of the low-mH scenario.
Figure 15 presents the initial beam polarisation de-
pendence of the integrated tree-level and full one-loop
EW-corrected cross sections versus
√
sγγ for BP4, where
we take mh0 = 65 GeV. The
√
sγγ varies from the value
little larger than the threshold 2mH± to 3 TeV. The
curves here are labeled the same as in Fig. 9. It is seen
that all curves increase firstly, reach their maximal val-
ues, and then decrease with the increment of
√
sγγ . The
σUULO and σ
UU
LO+NLO have a peak around
√
sγγ = 1220 GeV
with a value of 28.6 fb and 25.63 fb, respectively, with
δUUr = −10.4%. Moreover, the σ+−LO and σ+−LO+NLO have
a peak around
√
sγγ = 2200 GeV with a value of 18.91
fb and 13.79 fb, respectively, with δ+−r = −27.07%. The
σ++LO and σ
++
LO+NLO have a peak at
√
sγγ = 1220 GeV
with a value of 55.96 fb and 50.09 fb, respectively, with
δ++r = −10.49%.
On the other hand, the absolute relative corrections
increase with the increment of
√
sγγ for all polarization
cases. The relative corrections δr change in the ranges
of δUUr ∈ [−2.8%,−31.4%], δ+−r ∈ [−10.1%,−32.9%]
and δ++r ∈ [−2.8%,−23.2%], when the
√
sγγ goes from
1120 GeV to 3 TeV. At high energies, the σ+−LO and σ
+−
NLO
are enhanced by a factor of 1.7 as compared to the un-
polarized case. The σ++LO and σ
++
NLO are significantly sup-
pressed for the region of
√
sγγ > 2.5 TeV ; but for the
region of 1.1 <
√
sγγ < 1.5 TeV they are amplified by
between 1.5 and 2 times. It can be seen that the longitu-
dinal polarization of initial photons increases the produc-
tion rate of H−H+ signal in the photon-photon colliders.
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FIG. 14. (color online). (a) The tree-level and (b) NLO corrections of cross sections (in fb), and (c) the corresponding relative
correction for process γγ → H−H+ scanned over the (mh0 ,
√
sγγ) plane in the low-mH scenario. The contour lines correspond
to predictions for mH± in unit of GeV, and the relative corrections as a percentage.
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FIG. 15. (color online). The polarized tree-level and full one-
loop EW-corrected cross sections of process γγ → H−H+ for
different polarization modes of initial beams as a function of√
sγγ with mh0 = 65 GeV for BP4 in the low-mH scenario.
D. Angular Distribution of the Differential Cross
Section
The tree-level and the virtual plus soft photon cor-
rected of differential cross sections of γγ → H−H+
are presented in Fig. 16 as a function of the angle be-
tween the initial photon and the charged Higgs boson at√
sγγ = 1.5 TeV. Also, in the same figure, the corre-
sponding relative corrections as a function of cos θ are
shown on the bottom panel for each BPs. It can be
seen in this figure that all curves are rather symmet-
ric according to cos(θ) = 0. The tree-level differential
cross sections relatively flat, particularly in the region of
−0.6 < cos θ < 0.6, but the virtual plus soft photon cor-
rections significantly depend on the angle θ. The correc-
tions reach their maximum values when cos θ have values
of +1 and -1. Namely, the charged Higgs pairs are domi-
nantly produced in the backward and forward directions
and it will be much more possible to detect them in that
region of the collision. On the other hand, the differen-
tial cross-section is smaller in large values of the charged
Higgs mass. When cos θ goes from 0 to +1 or -1, the
relative correction δr varies from −25.58% to −17.01%
for BP1, −32.48% to −17.21% for BP2, −29.67% to
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FIG. 16. (color online). The differential cross section versus
cos θ at
√
sγγ = 1.5 TeV.
−20.96% for BP3, and −19.80% to −13.08% for BP4.
E. Process e−e+ → γγ → H−H+
The tree-level and the full one-loop level EW-corrected
cross sections of the parent process e−e+ → γγ →
H−H+ obtained by convoluting with the luminosity of
photon are presented in Fig. 17 as a function of e−e+
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FIG. 17. (color online). The tree-level and full one-loop level
EW-corrected cross-sections (in fb) convoluted with the pho-
ton luminosity of the parent process e+e− → γγ → H+H−
versus
√
s for BP1, BP2 and BP3.
center-of-mass energy. Also, in the same figure, the corre-
sponding relative correction as a function of
√
s is shown
on the bottom panel. From this figure we find the ex-
pected behavior: a rapid increase near the production
threshold, followed by a decrease with the increment of
the colliding e−e+ center-of-mass energy. It is obvious
that the production rate in BP3 is always larger than
those in the other BPs. The virtual plus the real correc-
tions, i.e., NLO corrections are mostly negative for each
BPs. For non-alignment scenario, the σBP1LO and σ
BP1
LO+NLO
reach their maximum values of 2.45 fb and 2.17 fb at√
s = 1160 GeV, respectively, with δBP1r = −11.56%. For
BP2 in short-cascade scenario, the σBP2LO and σ
BP2
LO+NLO
reach their maximum values of 12.34 fb and 11.24 fb at√
s = 820 GeV, respectively, with δBP2r = −8.94%. For
BP3 in short-cascade scenario, the σBP3LO and σ
BP3
LO+NLO
reach their maximum values of 34.78 fb and 33.03 fb at√
s = 620 GeV, respectively, with δBP3r = −5.03%. For
all BPs, it is clear that the absolute relative correction in-
creases with the increasing of
√
s. For BP1, the δr varies
from−2.78% to −13.88% as√s goes from 900 GeV to 1.5
TeV. For BP2, the δr varies from −1.32% to −13.21% as√
s goes from 600 GeV to 1.5 TeV. Finally, for BP3, the
δr ranges from +1.40% to −8.37% when
√
s runs from
440 GeV to 1.5 TeV.
F. Decay channels of the charged Higgs boson
The final decay products of the produced charged
Higgs bosons will be analyzed for all scenarios in this sec-
tion. The decay channels are calculated by using 2HDMC
1.7.0. To explore the process in a collider, we must
firstly identify all the possible charged Higgs products.
The total decay widths of charged Higgs bosonH± versus
the mass of Higgs boson, mφ0 where φ
0 is h0 for low-mH0
scenario and H0 for other two scenarios, are plotted in
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FIG. 18. (color online). The total decay widths of charged
Higgs boson H± predicted by the scenarios discussed in the
text.
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FIG. 19. (color online). The branching ratios of charged Higgs boson H± predicted by the scenarios discussed in the text.
Other modes for which BR value is less than 10−4 are omitted here for clarity.
Fig. 18 for all scenarios considered in this study. Also,
in the same figure, the mass of charged Higgs boson as a
function of mφ0 is shown by hollow symbols on the right
axis. In all scenarios, the charged Higgs boson mass in-
creases with increment of the neutral Higgs mass mφ0 ,
as expected. This figure shows that the decay widths are
quite sensitive to the charged Higgs mass and the mass hi-
erarchy. The decay width decreases when themH0−mH±
mass splitting is small. For BP1, when mH± runs from
379 to 691 GeV, ΓH± decreases from 8.66 to 1.42. How-
ever, for BP2, ΓH± increases from 4.38 to 5.22 in the
mass window 250 GeV < mH± < 500 GeV. For BP3,
ΓH± increases from 3.5×10−5 to 4.28 as mH± increases
from 48.75 GeV to 436 GeV. For BP4 in the low-mH sce-
nario, ΓH± decreases from 60 to 58 when mH± changes
from 558 to 564 GeV.
In Fig. 19, we show the branching ratios of charged
Higgs boson for the dominant decay modes as a function
of mh0,H0 for all scenarios discussed in the text. The
mass of charged Higgs boson as a function of mh0,H0 is
also shown by star symbols on the right axis. Note that
the decay modes for which BR value is less than 10−4 are
omitted here for clarity. When considering only decays
to SM particles, the dominant decay modes are those
involving the heaviest lepton or quark pairs accessible
such as follows: τντ , tb¯, ts¯ and cs¯. Among these, the
decay mode tb¯ of the charged Higgs boson is available in
all BPs significantly with varying branching ratios. In
scenarios with Type I, due to the cotβ dependence of
coupling, the Br(H± → τ±ντ ) is suppressed by m2τ/m2t
over Br(H± → tb¯).
In the non-alignment scenario, the dominant decay
mode of charged Higgs is in the W±H0 channel, follow-
ing sub-dominant channels tb¯ and W±h0 for BP1, fol-
lowed by other suppressed modes such as, H± → ts¯ and
cs¯, particularly in the range mH0 < 500 GeV. Then,
Br(H± → W±H0) gradually decreases at larger val-
ues of mH0 , and the decay mode W
±h0 becomes dom-
inant. Br(H± → W±h0) increases from 1.2 to 66.3%
in the mass window 150 GeV < mH0 < 600 GeV. For
mH0 < 500 GeV, the process becomes γγ → H+H− →
W+H0W−H0. On the other hand, the dominant de-
cay mode of H0 is W+W− with branching ratio of
88.7 − 50.2%. When the hadronic decays of W±-boson
are considered, there appear 12 jets at the final state.
Consequently, it is difficult to reconstruct the W±, so
the charged Higgs bosons.
In the short-cascade scenario, once the decay H± → tb¯
opens up (when mH± > mt + mb), it quickly becomes
dominant, leading almost 100% Br. On the other hand,
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the decay modes W±A0 and ts¯ (τ±ντ and cs¯ ) get sup-
pressed for mH0 > 300 GeV in the BP2 (BP3). In
the short-cascade scenario, the process becomes γγ →
H+H− → tbtb, and the decays of t may be an ideal op-
tion for reconstructing the process at mH0 > 300 GeV.
The subsequent decays of t → Wb,W → qq¯(lνl) will
form the signature of H± at a detector. Consequently,
it can be tagged with 8-jets plus 2-b-tagged jets for the
short-cascade scenario.
In the low-mH scenario, the decay channel H
± →
W±h0 is clearly dominant over the full mass range
(65 GeV < mh0 < 120 GeV), because its decay width is
proportional to cβ−α leading it dominant (∼ 100%) for
the choice of sβ−α = 0. The sub-dominant channel for
BP4 is H± → tb¯ with around 18% Br. The Br(h0 → bb¯)
changes between 90.0 − 87.7%. Therefore, the process
can be tagged with 4-jets plus 4-b-tagged jets.
VI. SUMMARY AND CONCLUSIONS
The 2HDM is the simplest extension of the SM which
contains the charged Higgs boson. In the case of a discov-
ery of charged Higgs boson, a subsequent exact measure-
ment of its properties will be important for determining
its nature and the corresponding model parameters. In
order to provide enough precision, full one-loop contri-
butions need to be included in the production channels
of charged Higgs boson. The pair production of charged
Higgs is one of the main channels that would provide
an observable signal in a wide range of the parameter
space in 2HDM. In this study, the charged Higgs pair
production has been studied via γγ collisions, consid-
ering a complete set of one-loop EW corrections in the
framework of 2HDM. In the one-loop diagrams, the UV
divergences have been regularized by dimensional regu-
larization in the on-mass-shell renormalization scheme,
and IR divergences have been canceled by the inclusion
of soft and hard QED radiation. The numerical evalua-
tion was carried out for three different scenarios, so-called
non-alignment, low-mH and short-cascade, defined in the
framework of 2HDM, in the presence of the up-to-date ex-
perimental constraints. The tree-level and full one-loop
EW corrections of total cross sections have been scanned
over the plane (mφ0 ,
√
s), where φ0 is h0 for low-mH0 sce-
nario and H0 for other two scenarios (non-alignment and
short-cascade scenarios). The regions of the parameter
space in which the production rates including the rela-
tive one-loop corrections are sufficiently large have been
highlighted for each scenario.
The results show that the one-loop EW corrections
mostly reduce the tree-level cross section and the rela-
tive correction is typically few tens of percent for both the
γγ → H−H+ and the e−e+ → γγ → H−H+ depending
on chosen parameter space. The virtual plus the real cor-
rections are mostly negative for selected BPs. The overall
effect range between −10% and −30% in a wide range of
the model parameters. Since the tree-level cross-section
is mostly from QED, the model-dependent parameters
appear firstly at one-loop level. The cross section in the
short-cascade scenario is always larger than those in the
other two scenarios and the cross section of the low-mH0
scenario is the smallest one among all of the three scenar-
ios. The production rate with light charged Higgs bosons
is larger than that with heavy charged Higgs bosons ow-
ing to the larger final state phase space volume for either
an electron-positron or photon-photon collider. The full
one-loop corrected cross sections of γγ → H−H+ reach
their maximum values as follows: σBP1LO+NLO = 51.97
fb with δr = −11.28%, σBP2LO+NLO = 130.46 fb with
δr = −7.23%, σBP3LO+NLO = 2.34 pb with δr = −1.45%
and σBP4LO+NLO = 25.47 fb with δr = −11.1%. The ab-
solute relative corrections increase with the increment of√
s for all cases.
The production rates of γγ → H−H+ in different po-
larization collision modes of initial beams have been also
discussed. The production rate of γγ → H−H+ is en-
hanced up to around 2 times with oppositely polarized
photons at high energies and right-handed polarized pho-
tons at low energies, as independent of the scenarios in-
terested. Consequently, having both photons polarized
can turn out to be significant to ensure a measurable
production rate.
The reconstruction of the charged Higgs boson has
been presented for each scenarios, studying its dominant
decay modes. In the non-alignment and low-mH scenar-
ios, the bosonic decay channelsH± →W±H0 andW±h0
are dominant, respectively, while in the short-cascade
scenario, the dominant decay channel is H± → tb¯. The
bosonic decay channels are highly suppressed due to
alignment limit and limited phase space.
In summary, the first phenomenological results in the
context of 2HDM for the one-loop EW corrections to the
charged Higgs pair production via photon-photon colli-
sions have been produced, and in the light of this, the
main distinctive features between the selected scenarios
have been highlighted. The precise measurements for the
associated production would be possible at the future col-
liders, and our results will be helpful for determining new
physics signals based on the 2HDM and putting more
precise limits on the model parameters.
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